It is well known that abscisic acid (ABA)-induced leaf senescence and premature leaf senescence negatively affect the yield of rice (Oryza sativa). However, the molecular mechanism underlying this relationship, especially the upstream transcriptional network that modulates ABA level during leaf senescence, remains largely unknown. Here, we demonstrate a rice NAC transcription factor, OsNAC2, that participates in ABA-induced leaf senescence. Overexpression of OsNAC2 dramatically accelerated leaf senescence, whereas its knockdown lines showed a delay in leaf senescence. Chromatin immunoprecipitation-quantitative PCR, dual-luciferase, and yeast one-hybrid assays demonstrated that OsNAC2 directly activates expression of chlorophyll degradation genes, OsSGR and OsNYC3. Moreover, ectopic expression of OsNAC2 leads to an increase in ABA levels via directly up-regulating expression of ABA biosynthetic genes (OsNCED3 and OsZEP1) as well as down-regulating the ABA catabolic gene (OsABA8ox1). Interestingly, OsNAC2 is upregulated by a lower level of ABA but downregulated by a higher level of ABA, indicating a feedback repression of OsNAC2 by ABA. Additionally, reduced OsNAC2 expression leads to about 10% increase in the grain yield of RNAi lines. The novel ABA-NAC-SAGs regulatory module might provide a new insight into the molecular action of ABA to enhance leaf senescence and elucidates the transcriptional network of ABA production during leaf senescence in rice.
Senescence is the last stage of leaf development. During this period, various changes occur at the physiological, biochemical, and molecular levels. For example, macromolecules including lipids, proteins, and nucleic acids are hydrolyzed, which leads to disassembly of mitochondria and nuclei, and to cell death (Buchanan-Wollaston et al., 2005; Ulker et al., 2007) . Although senescence is an active process to salvage nutrients from old tissues, precocious senescence will shorten the growth stage of crops and be unfavorable to agronomic production (Woo et al., 2013) .
The most distinguishing feature in leaf senescence is the yellowing phenotype, which is a visible marker of the degradation of macromolecules (Kim et al., 2006) . The chlorophyll degradation pathway is one of the most characterized ones for macromolecule degradation in plants (Hörtensteiner, 2006) . Overexpressing NON-YELLOW COLORING1 (NYC1) or NYC1-like genes in rice (Oryza sativa) can induce degradation of chlorophyll . A pph (encoding pheophytinase) mutant is abnormal in chlorophyll degradation during senescence and therefore exhibits a stay-green phenotype (Schelbert et al., 2009 ). Mutation of the PAO (Pheophorbide a oxygenase) gene leads to retention of chlorophyll in leaves during dark-induced senescence in Arabidopsis (Arabidopsis thaliana; Pruzinská et al., 2005) . Recently, the highly conserved STAY-GREEN (SGR) in higher plants has been identified to be chloroplast-localized dechelatase (Shimoda et al., 2016) .
The senescence process is highly regulated by a range of important factors. It has been demonstrated that the transcriptional level of NAC (NAM, ATAF1, and CUC2) transcription factors are up-regulated and play a fundamental role in leaf senescence (Gregersen and Holm, 2007) . The expression of senescence-associated genes (SAGs) is regulated by these senescence-related NAC transcription factors, such as ORESARA1 (ORE1) ), Oresara1 sister 1 (ORS1) (Balazadeh et al., 2011) , Phytochrome-interacting factor 4 (PIF4) and PIF5 (Sakuraba et al., 2014) , ANAC046 (OdaYamamizo et al., 2016) , and AtNAP (Guo and Gan, 2006) . However, the molecular mechanism underlying NAC transcription factor (TF)-regulated leaf senescence remains poorly understood in rice. NTL4 promotes drought-induced senescence probably due to direct regulation of reactive oxygen species (ROS) synthesis (Lee et al., 2012) . The expression of both OsNAC5 (Sperotto et al., 2009 ) and OsNAC6 (Nakashima et al., 2007) was increased during leaf senescence. NAC106 plays an important role in regulation of the aging process, and its overexpression defers senescence in rice . Additionally, OsNAP was reported to control expression of genes involved in chlorophyll degradation by direct binding to the promoter regions (Liang et al., 2014) . In higher plants, the level of ABA is finely controlled by the balance between the rates of ABA biosynthesis and catabolism (Nambara and Marion-Poll, 2005) . Key enzymes controlling ABA production include 99-cis-epoxycarotenoid dioxygenases (NCEDs), which are involved in xanthophyll cleavage (Tan et al., 2003) ; zeaxanthin epoxidase (ZEP), which converts zeaxanthin to violaxanthin via antheraxanthin (Oliver et al., 2007) ; and ABSCISIC ALDEHYDE OXIDASE3 (AAO3), which is responsible for the final step in ABA biosynthesis (Yang et al., 2014) . The oxidation of ABA to phaseic acid is catalyzed by ABA 89-hydroxylase, which is encoded probably by three genes (OsABA8ox1, 2, and 3) in rice (Saika et al., 2007) .
ABA has vital function in stress responses and regulates various plant developments, e.g. seed maturation and dormancy, organ abscission, and leaf senescence (Chandler and Robertson, 1994; Cutler et al., 2010) . It has long been known that ABA participates in leaf senescence (Becker and Apel, 1993) . ABA can induce the expression of some SAGs, e.g. NYC1 (Kusaba et al., 2007) , SGR (Park et al., 2007) , PPH (Schelbert et al., 2009) , and PaO (Pruzinská et al., 2005) , and then promotes plant senescence. The expression of NAC TFs, including VNI2 (Yang et al., 2011) , SNAC-As (Takasaki et al., 2015) , ORE1 (Kim et al., 2011) , and OsNAP (Liang et al., 2014) , is significantly up-regulated after ABA treatment by an unknown molecular mechanism. AtNAP could specifically bind to the promoter of AAO3, one of the key enzymes controlling ABA production, and promote transcription of chlorophyll degradation genes (Yang et al., 2014) . Although the biosynthetic pathways that generate ABA and its downstream signaling mechanisms have been extensively studied, and ABA-induced leaf senescence has long been observed, the upstream transcriptional network that modulates its level during leaf senescence and connects its action to leaf senescence is less clear.
Previously, the transcription factor OsNAC2 was reported to promote shoot branching (Mao et al., 2007) , and our previous study showed that OsNAC2 affects plant height and regulates abiotic stress tolerance in rice (Shen et al., 2017) . Previous study of our lab showed that overexpression of OsNAC2 endowed rice with premature senility, which indicated OsNAC2 might play a role in the pathway of leaf senescence (Chen et al., 2015) . However, the underlying molecular mechanisms of OsNAC2 regulating leaf senescence were poorly understood. Here, we show that OsNAC2 promotes leaf senescence in rice by induction of ABA biosynthetic genes (OsNCED3 and OsZEP1) and downregulating ABA catabolic gene (OsABA8ox1) by targeting to their promoters, which leads to increased levels of ABA. OsNAC2 also directly regulated chlorophyll degradation genes, OsSGR and OsNYC3. Our data elucidate the transcriptional network of ABA production during leaf senescence in rice. The novel ABA-NAC-SAG regulatory module might provide a new insight into the molecular action of ABA to enhance leaf senescence and the function of NAC TFs in pathway ABA induce leaf senescence.
RESULTS

OsNAC2
Is Highly Expressed during Leaf Senescence and Positively Regulates Leaf Senescence in an AgeDependent Manner
To study the role of OsNAC2 in leaf senescence, we examined the senescence symptoms of transgenic lines, including 35S::OsNAC2 lines (OsNAC2-OX, ON7, and ON11) and knockdown lines (OsNAC2-RNAi18, RNAi25, and RNAi31), which were previously reported (Chen et al., 2015) . The third leaves of 6-week-old seedlings hydroponically cultivated were used for statistics of yellowing rate. It was evident that older leaves became yellow earlier in OsNAC2-OX lines but much later in RNAi lines than in the wild type (Fig. 1A) . Consistent with this visible symptom, the yellowing rate of leaves from OsNAC2-OX was obviously higher compared with that in the wild type, whereas the OsNAC2-RNAi line had few yellow leaves in the 4-week-old rice plant (Fig.  1B) . It is considered that stay-green phenotype in grainfilling stage leads to the increase of rice yield . We subsequently examined the natural senescence phenotype of OsNAC2 transgenic lines during grain-filling stage and found that OsNAC2-RNAi exhibited a delayed-senescence phenotype, while OsNAC2-OX exhibited a precocious-senescence phenotype (Supplemental Fig. S1 ).
We then investigated temporal and spatial expression patterns of OsNAC2 using transgenic plants (pOsNAC2-GUS) expressing b-glucuronidase (GUS) driven by the native promoter of OsNAC2, a 2-kb genomic DNA fragment upstream of the transcription start site. GUS staining analysis showed that GUS activity was obviously higher at the senescing area than at the no senescing area in the same leaves. Moreover, GUS was expressed specifically in coleoptiles in the course of germination (from 1 to 10 d; Supplemental Fig.  S2 ). The coleoptile is known to protect true leaves against soil pressures and other physical constraints and is the first organ of rice plants to senescence after germination (Kawai and Uchimiya, 2000) . Therefore, these data suggest that OsNAC2 is involved in the aging process.
To further assess the transcriptional level of OsNAC2 during leaf aging, we tested OsNAC2 expression in leaves at different developmental stages by qPCR. The OsNAC2 transcripts were higher in late-senescing and early-senescing leaves than in young leaves and nonsenescing leaves (Fig. 1C) . Consistent with the results from GUS staining, OsNAC2 expression increased gradually from the tip to the base of a fully expanded leaf (Supplemental Fig. S2 ). Taken together, our results indicate that OsNAC2 plays an important role in leaf senescence.
To further analyze evolutionary relationships of OsNAC2 in the NAC family, a total of 234 NAC proteins, comprising 99 from Arabidopsis (TAIR, http:// www.Arabidopsis.org/), and 135 from rice (Rice Genome Annotation Project, http://rice.plantbiology. msu.edu/), were used for construction of an phylogenetic tree, by MEGA5.1 software using the maximum likelihood method and the bootstrap test carried out with 1,000 replications. As illustrated in Supplemental Figure S3 , the phylogenetic analysis classified the NACs into 14 groups, designated as Roman numeral families (NAC-I to NAC-XIV) based on tree topologies. The published senescence-associated NACs (Kim et al., 2016; Liang et al., 2014; Nakashima et al., 2007; Oda-Yamamizo et al., 2016; Sperotto et al., 2009 ) fall in groups I to IV. In detail, ANAC053, ANC016, ANAC017, and ANAC096 located in NAC II, ANAC083, and ONAC106 located in NAC III, while ANAC042, ONAC058 (OsNAP), AtNAP, ANAC047, ANAC019, AtNAC3, OsNAC5, ATAF1, and OsNAC5 located in NAC IV. OsNAC2 had high homology with AtNAC6 (ANAC092), together with ANAC046 and ANAC059 (ORS1), forming a distinct cluster NAC I (Supplemental Fig. S3 ), which was consistent with the previous reports (You et al., 2015; Hu et al., 2010) .
Overexpression of OsNAC2 Causes Early Senescence of Rice and Tobacco Leaves
Dark treatment is used frequently as an effective method to simulate synchronous senescence (Kim et al., 2006; Kong et al., 2006) . To gain a mechanistic understanding of the potential role of OsNAC2 in leaf senescence, rice plants were treated by darkness with various times. After 5-d dark treatment, OsNAC2-OX lines exhibited a more severe leaf senescent phenotype, while RNAi transgenic lines displayed weaker leaf senescence, compared with the wild type ( Fig. 2A) . Similarly, an accelerated yellowing phenotype was also observed in detached and 4-d dark-treated leaves from OsNAC2-OX plants (Fig. 2B) . AtSAG12, an Arabidopsis gene encoding a Cys protease, is considered a molecular marker the study of developmental senescence (Weaver et al., 1998) . In rice, OsSAG12-1 is the closest homolog of AtSAG12 and the expression of OsSAG12-1 is induced during senescence (Singh et al., 2013) . Thus, we determined the mRNA level of OsSAG12-1 in detached leaves of OsNAC2 transgenic plants incubated 3 d in the darkness and found that OsSAG12-1 significantly upregulated in OsNAC2-OX plants (ON11 and ON7; Fig. 2C ). Conformably, chlorophyll content in OsNAC2-OX leaves treated with darkness for 5 d was 0.2 mg/g fresh weight (FW), only 25% of that found in Figure 1 . OsNAC2 is upregulated during leaf senescence. A, Phenotype of the third leaves in 6-week-old wild-type and OsNAC2 transgenic plants. B, Quantitative analysis of the yellowing rate of the leaves shown in A. C, qPCR analysis of OsNAC2 expression in various ages and regions of rice leaves. LS, ES, NS, and YL mean late-senescing, early-senescing, no senescing, and young leaves, respectively. T, M, and B mean the top, middle, and base of the leaf. Relative mRNA level was calculated using the DDC T method from triplicate data. OsActin was used as an internal control to normalize the different samples with the same amount of plant RNA. Data are mean 6 SE with three replicates. Asterisk indicates a significant difference between the wild type and OsNAC2 transgenic lines by t test: *P , 0.05.
wild-type leaves (Fig. 2D ). These results demonstrate that chlorophyll is degraded at a more rapid rate in OsNAC2-OX than in wild-type plants.
We also investigated ion leakage rates and ROS in dark-treated leaves. Consistently, OsNAC2-OX lines displayed significantly higher ion leakage (Fig. 2G ), indicating that overexpressing OsNAC2 results in cell membrane damage in dark. In addition, ROS analysis showed an increased level of H 2 O 2 and O 2 2 in ON7 and ON11 lines (Fig. 2E) . Same results were obtained in a transient expression assay in tobacco (Nicotiana benthamiana) leaves (Fig. 2, F and H) . These results suggest Figure 3 . qPCR confirmation of expression of senescence-related genes in the 2-week-old wild type and OsNAC2-OX. Relative mRNA level was calculated using the DDC T method from triplicate data. OsActin was used as internal control to normalize the different samples with the same amount of plant RNA. Data are mean 6 SE with three replicates. Asterisks indicate a significant difference between wild-type and OsNAC2 transgenic lines by t test: *P , 0.05 and **P , 0.01.
that OsNAC2 is positively regulatory factor for leaf senescence.
Overexpression of OsNAC2 Alters the Expression of Senescence-Related Genes
Based on the leaf aging phenotype mentioned above, we predicted that the expression of senescence-related genes would be significantly different between OsNAC2-overexpressing and RNAi lines. To understand the molecular mechanism of OsNAC2-regulated chlorophyll degradation, we profiled genome-wide gene expression in 2-week-old OsNAC2-OX and wild-type plants using rice microarray. Many differently expressed genes were involved in leaf senescence, such as chlorophyll breakdown genes OsNYC3, OsNOL, OsRCCR1, OsPAO, and OsSGR; serotonin biosynthesis gene, OsTDC1; glyoxylate cycle related gene, OsI85; and Gal transport gene, OsSWEET5 (Table I ). The changes of some SAGs expression, e.g. OsSAG12-1, in OsNAC2-OX were not so significant by t test, probably because 2-week-old seedlings may be not in the procedure of senescence. However, there were still some SAGs showed significant changes in OsNAC2-OX, e.g. OsSGR, OsSWEET5, and OsTDC1, which gave information of probably candidate downstream targets of OsNAC2. Transcript levels of these senescence relative genes were further confirmed by qPCR. Significant increases in transcript levels of OsI85, OsNOL, OsSGR, OsRCCR1, OsSWEET5, and OsNYC3 and decrease in that of OsTDC1 were found in OsNAC2-OX compared with the wild type (Fig. 3) . These results indicate that OsNAC2 plays a regulatory role, either direct or indirect, in expression of chlorophyll degradation genes during leaf senescence.
OsNAC2 Directly Regulates Expression of OsNYC3 and OsSGR Genes
To further investigate whether OsNAC2 directly regulates expression of chlorophyll degradation genes, yeast one-hybrid assays were used to test the interaction of OsNAC2 with DNA. The full-length cDNA of OsNAC2 was fused in frame to the GAL4 activation domain in the pGADT7 vector. The promoter sequence regions of OsI85, OsSGR, and OsNYC3 were ligated into the pHIS vector. The yeast one-hybrid assays showed that OsNAC2 directly interacts with the promoter sequences of OsSGR and OsNYC3 (Fig. 4A ). Fragmented genomic DNA was eluted from the protein-DNA complexes and subjected to qPCR analysis. The long black bars represent promoter regions for which we designed primers. The numbers under the bar show the distance from ATG start codon. Short bars represents for the corresponding region of each pair of primers on the promoter. Error bars are the SE for three biological repeats: *P , 0.05 and **P , 0.01.
We also performed transient expression assays for transactivation in N. benthamiana. The promoter sequences of OsSGR and OsNYC3 were cloned into pGreenII 0800-LUC, and the open reading frame of OsNAC2 was cloned into pGreenII 62-SK. The highest activities were observed when OsNAC2 was coinfiltrated with the promoter of OsNYC3 and OsSGR (Fig. 4B) .
To test whether endogenous OsNAC2 specifically binds to its target genes, chromatin immunoprecipitation (ChIP)-qPCR was performed using the anti-green fluorescent protein (anti-GFP) antibody and specific primers. Our results showed that specific fragments in the promoter of OsNYC3 and OsSGR were significantly enriched in the GFP antibody-immunoprecipitated DNA (Fig. 4, C and D) . Taken together, the data indicate that OsNAC2 is a transcription factor specifically binding to its target genes, OsNYC3 and OsSGR.
ABA Participates in Leaf Senescence by Modulating OsNAC2 Expression
Leaf senescence can be modulated by a variety of phytohormones and environmental factors, and ABA may be one of the most important phytohormones regulating both leaf senescence and expression of NAC TFs (Liang et al., 2014) . To determine whether ABAregulated senescence is mediated by OsNAC2, exogenously ABA was applied on different transgenic lines. Our results showed that in the presence of ABA (either 2 or 4 mM), the shoot length of OsNAC2-OX lines was significantly shorter than that of the wild type, whereas shoot length of RNAi lines was longer than that of the wild type, indicating that ABA sensitivity of rice plants is positively correlated to the level of OsNAC2 expression (Fig. 5, A and B) . Next, we examined the effect of exogenously applied ABA on chlorophyll degradation. Consistent with the visible phenotypes, among ABAtreated leaves, those excised from OsNAC2-OX showed the fastest yellowing while those from OsNAC2-RNAi exhibited a stay-green phenotype, compared with the wild type (Fig. 5C ). Chlorophyll concentrations in OsNAC2-RNAi, wild-type, and OsNAC2-OX leaves treated with ABA for 3 d were 1.6, 0.8, and 0.1 mg/mg FW, respectively (Fig. 5D) ; the severity of ion leakage was the most in OsNAC2-OX, followed by the wild type and OsNAC2-RNAi (Fig. 5E ). Moreover, expression of Figure 5 . Effects of exogenous ABA on chlorophyll content and SAG gene transcript levels in wild-type, OsNAC2-OX, and OsNAC2-RNAi plants. A, ABA effect on seedling growth on MS media. B, Relative shoot length of wild-type, OsNAC2-OX, and OsNAC2-RNAi plants in the presence of different ABA concentrations. The value of shoot length without ABA treatment was set to 1. C, Phenotype of detached leaves from wild-type, OsNAC2-OX, and OsNAC2-RNAi plants in the presence of 20 mM ABA. D, Chlorophyll content of the leaves in wild-type, OsNAC2-OX, and OsNAC2-RNAi plants treated with 20 mM ABA for 3 d. E, Ion leakage analysis of leaves in 2-week-old wild-type, OsNAC2-OX, and OsNAC2-RNAi plants treated with 20 mM ABA for 3 d. F and G, Relative expression of OsSGR and OsNYC3 72 h after 20 mM ABA treatment. HAT, hours after treatment. Data are means 6 SE with at least three biological replicates. Asterisks represent statistically significant differences between wild-type and transgenic plants: *P , 0.05, **P , 0.01, and ***P , 0.001. two OsNAC2-targeted SAGs, OsSGR and OsNYC3, was significantly upregulated 72 h after ABA treatment (Fig. 5, F To test whether endogenous ABA production was affected by OsNAC2, we examined the ABA level in 2-week-old leaves of OsNAC2-OX, OsNAC2-RNAi, and wild-type plants. The ABA content of OsNAC2-OX was 31.81 6 2.11 ng/g FW, which was significantly higher than that of wild-type plants (22.62 6 0.88 ng/g FW; Fig.  6A ). Combined with our previously reported data, we hypothesized that the expression of ABA metabolismassociated genes is affected by OsNAC2. qPCR analysis showed that transcription levels of key ABA biosynthetic genes, including OsNCED2 (Fig. 6B) , OsNCED3 (Fig. 6C) , OsNCED5 (Fig. 6D) , and OsZEP1 (Fig. 6E) , were significantly upregulated in OsNAC2-OX, whereas ABA catabolism genes, including OsABA8ox1 (Fig. 6F) , OsABA8ox2 (Fig. 6G) , and OsABA8ox3 (Fig. 6H) , were down-regulated. Thus, it appears that OsNAC2 enhances the level of ABA via up-regulation of ABA biosynthetic genes and downregulation of ABA catabolism genes as well.
OsNAC2 Binds Directly to Promoters of ABA MetabolismRelated Genes
To investigate whether OsNAC2 directly regulates the expression of ABA metabolism-related genes, yeast Figure 6 . ABA content and expression of ABA metabolism-related genes in wild-type, OsNAC2-OX, and OsNAC2-RNAi plants. Data were means 6 SE with at least three biological replicates. Asterisks represent statistically significant differences between wild-type and transgenic plants: *P , 0.05 and **P , 0.01.
one-hybrid analysis was performed to test direct interaction between OsNAC2 and DNA. Our results showed that the GAL4 transcriptional activation domain fused with OsNAC2 activates the HIS3 reporter gene driven by the promoter of OsNCED3, OsZEP1, or OsABA8ox1 (Fig. 7A) . However, OsNAC2 did not bind directly to the promoters of OsNCED2, OsNCED5, OsABA8ox2, and OsABA8ox3 (Supplemental Fig. S4 ). ChIP-qPCR assays further confirmed that OsNAC2 indeed bound to the promoters of OsNCED3 (Fig. 7B), OsZEP1(Fig. 7C) , and OsABA8ox1 (Fig. 7D) . Thus, OsNAC2 is a transcription factor directly regulating expression of ABA metabolism-related genes.
Previous work has defined the 4-bp core sequence of the NAC binding motif as CACG (Olsen et al., 2005) . Thus, we checked whether CACG sequences exist in the promoters of these five target genes. The ChIP experiments identified the positive fragments, 2500 ; 2800, 2150 ; 2400, 2850 ; 21,000, 2450 ; 2650, and 250 ; 2250 in the promoters of target genes, OsSGR, OsNYC3, OsNCED3, OsZEP1, and OsABA8ox1, respectively (Fig. 7, B-D) . Sequence searching by Clone Manage Software showed that all the five positive fragments contained the core sequence of NAC binding motif CACG (Supplemental Fig. S5 ), which indicated CACG might also be the binding motif of OsNAC2.
ABA Regulates OsNAC2 and Senescence-Related Gene Expression in a Dose-Dependent Manner But Temporally
We then investigated whether ABA affects expression of OsNAC2. As shown in Figure 8D , the level of OsNAC2 transcripts increased up to 8-and 16-fold of the ABA-untreated seedlings at 2 and 4 h after 20 mM ABA treatment, respectively. Consistently, expression of OsNCED3 and OsZEP1 obviously increased 2 h after 20 mM ABA treatment and was generally higher in OsNAC2-OX plants than the wild type (Fig. 8, A and B) , whereas OsABA8ox1 significantly downregulated in OsNAC2-OX, compared with the wild type (Fig. 8C) . Thus, it seems that ABA-promoted expression of OsNCED3 and OsZEP1, and ABA-suppressed expression of OsABA8ox1 are mediated by OsNAC2. However, OsNAC2 transcription decreased rapidly 8 h after ABA treatment (Fig. 8D) . We also examined the kinetic expression of OsNAC2 4 h after different concentrations of ABA. OsNAC2 was induced exclusively by 20 mM ABA (Fig. 8E) . In contrast, ABA concentrations over 40 mM had an inhibitory action on the expression of OsNAC2 (Fig. 8E) . Thus, ABA regulates expression of OsNAC2 either in a positive or a negative manner dependent on the dose of ABA. Interestingly, at 2 h of ABA treatment, the transcript level of OsABA8ox1 increased in the wild type, while that of OsZEP1 decreased in OsNAC2-OX (Fig. 8, B and C) . ABA was the final production of OsZEP1 and the substrate of . Total protein extracted from 35S:OsNAC2-mGFP transgenic plants hydroponically cultivated for 4 weeks was immunoprecipitated with an anti-GFP antibody. Fragmented genomic DNA was eluted from the protein-DNA complexes and subjected to qPCR analysis. The long black bars represent for promoter region for which we designed primers. The numbers under the bar show the distance from ATG start codon. Short bars represents for the corresponding region of each pair of primers on the promoter. Error bars are the SE for three biological repeats: *P , 0.05, **P , 0.01, and ***P , 0.001.
OsABA8ox1 (Oliver et al., 2007; Zhu et al., 2009) . Therefore, the accumulation of ABA might feedback regulates expression of OsZEP1 and OsABA8ox1.
To gain a mechanistic understanding of the effect of ABA on rice senescence, transcript levels of some SAGs were measured by qPCR. There was no obvious change in the expression of OsSGR and OsNYC3 4 h after 20 mM ABA treatment. Then, significant up-regulation of OsSGR and OsNYC3 in OsNAC2-OX line was observed at 8 and 12 h of ABA treatment (Fig. 8, F and G) . Instead, the expression of ABA metabolism-related genes varied 2 or 4 h after ABA treatment (Fig. 8, A-C) , which Figure 8 . Expression of ABA metabolism and senescence-related genes after different concentration of ABA treatments. A to D and F to H, Treatments with 20 mM ABA. I to K, Treatments with 80 mM ABA. Relative mRNA level was calculated using the DDC T method from triplicate data. OsActin was used as an internal control to normalize the different samples with the same amount of plant RNA. Data are mean 6 SE with three replicates. Asterisks indicate a significant difference between wild-type and OsNAC2 transgenic lines by t test: *P , 0.05, **P , 0.01, and ***P , 0.001.
suggested the temporality of OsNAC2 regulating ABA metabolism-related genes and SAGs. Treatment of leaves with ABA resulted in no significant change of OsPAO transcript levels between OsNAC2-OX and the wild type at all three time points: 4, 8, and 12 h (Fig. 8H) , which suggested that ABA modulated the expression of OsPAO in an OsNAC2-independent manner.
On the contrary, 80 mM ABA led to significant increase in transcript levels of both target (OsSGR and OsNYC3) and nontarget (OsPAO) genes in OsNAC2-OX line 4 h after treatment, compared with the wild type. In detail, expression of OsSGR and OsNYC3 increased 7.6-and 1.72-fold, respectively, obviously lower than that of OsPAO (14.1-fold; Fig. 8, I -K), which was consistent with the pervious finding that high dose of ABA had a feedback regulation of OsNAC2 and then inhibited the expression of target-genes (Fig. 8E) . So, it's interesting that high dose of ABA might mediate SAGs expression probably in both OsNAC2-dependent and OsNAC2-independent pathway. To test whether OsNCED3 and OsABA8ox1 are involved in leaf senescence, we obtained the tilling mutants of OsNCED3 (nced3-1,-2) and OsABA8ox1 (aba8ox1-1,-2; Supplemental Fig. S6 ). After 5 d of dark treatment, nced3-1,-2 leaves showed a stay-green phenotype similar to that of OsNAC2-RNAi plants, while aba8ox1-1,-2 showed a senescent phenotype similar to that of OsNAC2-OX plants (Fig. 9A) . Consistent with this, ion leakage rates, ROS levels, and chlorophyll concentrations were significantly higher in aba8ox1 -1,-2 leaves but lower in nced3-1,-2 leaves than in wild-type leaves after dark treatment (Fig. 9, B-D) . Taken together, these data indicate that OsNCED3 and OsABA8ox1 are involved in OsNAC2-regulated plant senescence.
Down-Regulation of OsNAC2 Leads to Increased Grain Yield
Our RNAi transgenic lines displayed distinctly delayed leaf senescence (Fig. 10A) , which was consistent with the observed decline in OsNAC2 expression (Fig. 10B) . So, we next investigated whether grain yield is improved when OsNAC2-RNAi lines were grown in the field. As expected, the root length of OsNAC2-RNAi lines was significantly longer than that of the wild type (Fig. 10, C and D) . After 150 mM NaCl treatment, OsNAC2-RNAi lines showed a lower withered rate compared with the wild type (Fig. 10E) . Furthermore, an examination of the agronomic traits related to grain yield in two OsNAC2-RNAi lines, RNAi25 and RNAi31, showed a 16.1% and 10.9% increase in seed-setting ratio and a 3.6% and 4.6% increase in 1,000-grain weight, respectively, compared with nontransgenic controls (Fig. 10, F and G). These changes resulted in increased grain yields of 11.6% and 10.6% in the RNAi25 and RNAi31 lines, respectively (Fig. 10H) . Thus, regulating the expression of OsNAC2 should be a useful strategy for improving rice yield in the future.
DISCUSSION
Leaf senescence is a complex and highly programmed process, including down-regulation of photosynthesis, disintegration of chloroplasts, degradation of nucleic acid, protein, and lipid, and recycling of nutrients. Although significant progress has been made toward our understanding of leaf senescence in Arabidopsis, it remains largely unknown how leaf senescence is regulated in rice, where chlorophyll degradation is the most characterized, e.g. RLS1 (Jiao et al., 2012) , OsDOS (Kong et al., 2006) , and NYC1 . The NAC family is one of the most important transcriptional factors involved in leaf senescence (Gregersen and Holm, 2007) . Previous reports have Figure 9 . Effect of darkness on detached leaves of 8-week-old wildtype, nced3-1,2, and aba8ox1-1,2 plants. A, Phenotype of wild-type, nced3-1,2, and aba8ox1-1,2 leaves after 5 d dark treatment. B, DAB and NBT staining of 6-week-old wildtype, nced3-1,2, and aba8ox1-1,2 leaves treated with dark for 5 d. C, Ion leakage analysis of leaves in 6-week-old wild-type, nced3-1,2, and aba8ox1-1,2 leaves after 5 d dark treatment. D, Chlorophyll content in leaves prior to and after dark treatment. Values are means 6 SD of five measurements. Asterisks indicate a significant difference between wild-type and OsNAC2 transgenic lines by t test: *P , 0.05, **P , 0.01, and ***P , 0.001.
shown that NAC transcription factors, NTL4 (Lee et al., 2012) , OsNAC5 (Sperotto et al., 2009 ), OsNAC6 (Nakashima et al., 2007) , OsORE1 , ONAC106 , and OsNAP (Liang et al., 2014) , participated in aging process of rice. Among them, OsNAP was identified to directly control expression of SAGs, OsSGR, OsNYC1, OsNYC3, OsRCCR1 and OsI57, which function in chlorophyll degradation and glyoxylate cycle (Liang et al., 2014) . Additionally, ONAC106 also directly controls the expression of OsSGR and OsNYC1 . In this study, we identified and characterized OsNAC2, which acts as an important regulator in leaf senescence. OsNAC2 is upregulated during leaf senescence (Fig. 1) , and overexpression of OsNAC2 can alter the expression of SAGs (Fig. 3) . Furthermore, OsNAC2 can directly interact with the promoter sequences of OsSGR and OsNYC3 (Fig. 4) . Although OsNAP and OsNAC2 play a similar role in modulating expression of SAGs, we found that expression of OsNAC2 and OsNAP was not affected in OsNAP-OX and OsNAC transgenic plants, respectively (Supplemental Fig. S7 ). These results suggest that OsNAC2 accelerates leaf senescence in an OsNAP-independent manner.
ABA is generally considered as a senescence initiator (Cutler et al., 2010) . Recently, OsNAP, a transcriptional activator of senescence in rice, is found to repress ABA biosynthesis. ABA concentration is lower in rice leaves of a gain-of-function ps1-D mutant while higher in those of OsNAP-RNAi plants, compared with the wild type. ABA biosynthetic genes, such as OsNCED1, OsNCED3, OsNCED4, and OsZEP, appeared to be downregulated in the ps1-D mutant (Liang et al., 2014) . However, how OsNAP regulates ABA biosynthetic genes, and how ABA accelerates senescence remains unclear in rice. In this study, we found that ABA Figure 10 . Agronomic traits of OsNAC2-RNAi transgenic lines. A, Morphology of 4-month-old mature OsNAC2-RNAi lines grown in field conditions. B, Expression of OsNAC2 in RNAi plants. C, Root phenotype of 2-week-old wild-type and OsNAC2-RNAi lines. D, Root length of 2-week-old OsNAC2-RNAi plants compared with the wild type. E, Relative withered rate of 2-weekold wild-type and OsNAC2-RNAi line 3 d after 150 mM NaCl treatment. F to H, Seed-setting rate (F), 1,000-grain weight (G), and grain yield per plant (H) in the RNAi lines. Values are means 6 SD of 10 measurements. Asterisks indicate a significant difference between wild-type and OsNAC2 transgenic lines by t test: *P , 0.05, **P , 0.01, and ***P , 0.001. content was significantly higher in OsNAC2-OX transgenic plants than in the wild-type plants (Fig. 6A) . Four ABA biosynthetic genes were upregulated, while three ABA degradation genes were downregulated in OsNAC2-OX plants (Fig. 6 ). These findings indicate that OsNAC2 regulates rice leaf senescence in a different way from OsNAP. Further analysis revealed that OsNAC2 can directly bind to the promoter of OsNCED3, OsZEP1, and OsABA8ox1 (Fig. 7) . In Arabidopsis leaves, NAP was reported to promote chlorophyll degradation by directly binding the promoter of ABA biosynthetic gene, AAO3, which enhances the transcription of AAO3 and leads to increased levels of ABA (Yang et al., 2014) . The enzymatic steps of ABA biosynthesis, from zeaxanthin to active ABA, and catabolism have been elucidated to be potential points of control to regulate endogenous ABA concentrations (Seo et al., 2009 ). Our work provided evidence to support that OsNCED3, OsZEP1, and OsABA8ox1 are key points to control ABA levels. OsNCED3 is one of the five NCED genes encoding 9-cis epoxy-carotenoid dioxygenase, which is involved in xanthophyll cleavage (Hwang et al., 2010) , while OsZEP1 encodes a zeaxanthin epoxidase responsible for the first step in ABA biosynthesis (Oliver et al., 2007) . OsABA8ox1 is a key gene in ABA catabolism and has ABA 89-hydroxylase activity in rice (Zhu et al., 2009) . Importantly, nced3 leaves showed a stay-green phenotype similar to that of OsNAC2-RNAi plants, while aba8ox1 showed premature senility similar to that of OsNAC2-OX plants (Fig.  9A) . It was probably that OsNAC2 might not activate the expression of downstream genes without targeting OsNCED3 and OsABA8ox1, which indicated that OsNCED3 and OsABA8ox1 were the targets of OsNAC2 directly. The hybridization of nced3 or aba8ox1 with OsNAC2-OX line or OsNAC2 RNAi line should be further conducted for genetic analysis. These data indicate that OsNCED3, OsZEP1, and OsABA8ox1 act downstream of OsNAC2, consistent with the conclusion that OsNAC2 accelerates senescence via induction of ABA biosynthesis in rice.
Based on the above results, we proposed a following model for the role of OsNAC2 in leaf senescence (Fig.  11) . The plant hormone ABA, together with others including ethylene, jasmonic acid, and salicylic acid, is the major regulator for senescence. In our research, lower concentrations of ABA induce the transcription of OsNAC2 (Fig. 8E) , which activates expression of OsNCED3 and OsZEP1, but inhibits expression of OsABA8ox1 by binding to a specific sequence in their promoters (Figs. 6 and 7) . The subsequent increase in OsNCED3 and OsZEP1 activity and decrease in OsABA8ox1 activity enhance ABA accumulation in rice leaves (Fig. 6A) . Furthermore, OsNAC2 can also directly bind to the promoters of OsSGR and OsNYC3, and increase their expression (Figs. 3 and 4) , resulting in chlorophyll degradation and leaf senescence (Figs. 2  and 3 ). In contrast, although OsNAC2 increases its own expression by induction of ABA biosynthesis, it appears that high level of ABA may have a feedback repression of the expression of OsNAC2 (Fig. 8E ) and then slow down ABA synthesis, which might be one of the mechanisms to finely regulate plant growth and development. The resulting also increases the transcription of chlorophyll degradation genes, OsPAO, OsSGR, and OsNYC3, via unknown intermediates and leads to leaf senescence. Thus, the NAC transcription factor OsNAC2 acts as a key regulator linking ABA and leaf senescence processes, which might provide a new vision of NAC TFs function in plant development.
The CUC subfamily has provided information about the roles in plant development, such as the formation of the cotyledon boundary, the shoot apical meristem (Vroemen et al., 2003) , gynoecium, and ovule (Ishida et al., 2000) . NAC proteins, which belong to the CUC subfamily, have been demonstrated to play a pivotal part in plant development (Olsen et al., 2005) , stress responses (Puranik et al., 2012) , and senescence (Gregersen and Holm, 2007) . ANAC096 (Xu et al., 2013) , ANAC019 (Jensen et al., 2010) , ANAC055, ANAC072/RD26, ANAC002/ATAF1, ANAC081/ ATAF2, ANAC102, and ANAC032 (Takasaki et al., 2015) function as positive regulators of ABA signaling. ORE1/ANAC092/NAC2 (Balazadeh et al., 2010) , ORS1 (Balazadeh et al., 2011) , and AtNAP (Guo and Gan, 2006) are positive regulators of senescence. ANAC016 also has an important role in ABA-inducible leaf senescence by directly promoting AtNAP . Transcription factors act as not only activators but also repressors in plants. For instance, ATAF1 functions as a negative regulator in drought signaling pathways through modulation of osmotic stress-responsive gene expression (Lu et al., 2007) . ATAF2, in the same clade with ATAF1, and ANAC019/ANAC055 were recently reported to negatively regulate the expression of pathogenesis-related genes (Bu et al., 2008) . JUB1 is a negative regulator of senescence . Although, in general, we proposed OsNAC2 accelerates leaf senescence in rice, it is novel that OsNAC2 positively regulated OsSGR, OsNYC3, OsNCED3, and OsZEP1, and negatively regulated OsABA8ox1 by directly binding to their promoters (Figs. 4 and 7) . Similarly, Chen et al. (2015) reported that OsNAC2 repressed the expression of GA biosynthetic genes, OsKO2, and enhanced the expression of OsEATB, which encodes a repressor of GA biosynthesis (Chen et al., 2015) . Additionally, MYC2, a basic helix-loop-helix domaincontaining TF, acts as both activator and repressor to modulate the expression jasmonic acid-responsive genes in Arabidopsis (Dombrecht et al., 2007) . The recognition site of MYC2 appears to function as both positive and negative regulator of the expression of the MYC2 promoter-GUS fusion gene (Abe et al., 1997) . Recently, CONSTANS, the eponymous member of the family of CONSTANS-like transcriptional regulators, mediates photoperiodic flowering by physically interacting with microproteins, miP1a and miP1b (Graeff et al., 2016) . Thus, TFs play a multiple and complicated role in development and stress responses of plants. Future work on the interaction of OsNAC2 with other proteins might help us better understand the regulatory mechanism of transcriptional activation in TFs.
MATERIALS AND METHODS
Plant Materials and Treatments
Plant material used in this study was Nipponbare (Oryza sativa japonica cv Nipponbare). The vector in which 1,500-bp full-length promoter of OsNAC2 is connected with GUS was as described by Shen et al. (2017) . Overexpression and RNAi transgenic lines were constructed before and the details are described by Chen et al. (2015) . The seeds of OsNAC2-OX, wild-type, and OsNAC2-RNAi plants were germinated in petri dishes with wetted filter paper at 37°C under dark condition. After 48 h incubation, uniformly germinated seeds were selected and cultivated in a beaker containing half-strength Kimura B solution as described previously (Chu and Lee, 1990) . The hydroponically cultivated seedlings were grown in a phytotron in a 16/8-h light/dark cycle, 28°C, 300 W/m 2 light intensity, and 40% humidity regime. Leaves were used in experiments and all experiments were repeated three times independently.
For dark-induced leaf senescence, 4-week-old seedlings (cultivated as described above) were treated with 0, 3, and 5 d of darkness to observe their phenotypic characters. The leaves were also used for chlorophyll and ion leakage rates measurements. The detached leaves were treated with 0, 2, 3, and 4 d of darkness to obtain the phenotype in vitro. For ABA-induced leaf senescence, rice seeds were germinated on Murashige and Skoog medium containing 0, 2, and 4 mM ABA, and the sensitivity index of seed germination and shoot length to ABA was evaluated. Detached leaves (2 weeks old) were placed in a petri dish wetted with 20 mM ABA and kept under dim light (40 mmol/s/m 2 ). Chlorophyll and ion leakage rates were also measured. The 20 and 80 mM ABA-treated leaves were collected at designated time intervals for total RNA extraction. Additionally, treatment of ABA at 0, 20, 40, 80, and 160 mM was conducted for OsNAC2 expression pattern.
GUS Staining
The native promoter of OsNAC2, a 2-kb genomic DNA fragment upstream of the transcription start site, was cloned and transcriptionally fused to the upstream of the GUS-coding sequence, and the OsNAC2 promoter::GUS construct (pOsNAC2-GUS) was transformed into wild-type rice plants (Nipponbare) plants. Seeds of transgenic rice (T1) harboring an OsNAC2 Pro::GUS construct was used for GUS staining from 1 to 10 d. Primers for amplifying OsNAC2 promoter are shown in Supplemental Table S1 . b-GUS staining was performed as described previously (Woo et al., 2001) . Images were taken directly or with a stereomicroscope (Leica ZOOM 2000).
Histochemical Staining
O 2
2 and H 2 O 2 were determined using nitro blue tetrazolium (NBT) and 3,39-diaminobenzidine (DAB) histochemical staining, respectively. Leaves after different treatment were detached from different lines and submerged in NBT solution (1 mg/mL NBT plus 10 mM NaN 3 solution in 10 mM potassium phosphate buffer, pH 7.8) or DAB solution (1 mg/mL, pH 5.5). After leaves were stained for 40 min (NBT) or 2 h (DAB), leaves were boiled in 95% ethanol for 15 min to remove the chlorophyll completely and stored in 60% glycerol for observation and imaging.
Chlorophyll Measurements
Chlorophyll was extracted from 50 mg of leaf tissue with different treatment, and its content was determined by measuring the A 663 and 645 nm using a visspectro photometer [Jinghua (Shanghai) Co.] as described previously (Kim et al., 2006) : total Chl (mg/L) = Chla + Chlb = 20.2A 645 + 8.02A 663 .
Measurement of Ion Leakage Rates
Ion leakage rates were measured as described previously (Lee et al., 2015) . The conductivity of the solution was measured using an FG3-ELK conductivity meter (Mettler Toledo Instruments). The rate of ion leakage is expressed as the percentage of initial conductivity divided by the total conductivity.
Rice Microarray Analysis
For microarray analysis, rice seedlings were grown in basal nutrient solution under the condition of a 16-h-light/8-h-dark photoperiod at 28°C. Total RNA was extracted from the leaves of 2-week-old wild-type and OsNAC2-OX (ON11) plants according to the manufacturer's instructions, and biotin-labeled cRNA was obtained by GeneChip 39IVT Express Kit (Affymetrix). Array hybridization and wash were then conducted with the GeneChip Hybridization, Wash and Stain Kit (Affymetrix) in Hybridization Oven 645 (Affymetrix) and Fluidics Station 450 (Affymetrix). Slides were scanned by GeneChip Scanner 3000 and Command Console software 3.1 (Affymetrix) with default settings. Three independent biological replicates were conducted for the wild-type and OsNAC2-OX (ON11) plants. Raw data were normalized by the robust multiarray average algorithm, and fold change and pfp values were calculated by rank product method using R (3.0.0). The differently expressed genes in wildtype and OsNAC2-OX plants were classified functionally using the biological process category of Rice Gene Ontology (www.geneontology.com). Significant interactors were determined using a two-sample analysis (t test).
Endogenous ABA Determination
Two-week-old leaves of OsNAC2-OX, wild type, and OsNAC2-RNAi lines were collected, weighed, and immediately frozen in liquid nitrogen. Frozen leaves were pulverized and ABA was extracted as described previously (Chen et al., 2012) . Quantitative determination of endogenous ABA was performed on a UPLC-MS/MS system consisting of an AB SCIEX 4500 triple quadrupole mass spectrometer and a Shimadzu LC-30AD UPLC system.Three independent biological repeats were performed.
qPCR Analysis
Untreated and treated leaf tissue obtained from different lines about 2 weeks old was used as a source of total RNA. Total RNAs were extracted with RNAiso reagent (TaKaRa code no. 9752A). The total RNAs were purified and reversed to cDNA with the PrimeScript RT reagent kit with gDNA Eraser (TaKaRa code no. RR047A). The qPCR analysis was performed using SYBR Premix EX Taq (TaKaRa code no. RR420A) on a MyiQ2 real-time PCR detection system (Bio-Rad) according to the manufacturer's instructions. PCR efficiency (95-105%) was verified. Transcript levels of target genes were normalized to that of the housekeeping gene OsActin using the equation of 2 2△△CT , where C T is the threshold cycle for each gene in every sample. Primer sequences are listed in Supplemental Table S1 .
Constructions for Yeast One-Hybrid Assay
For yeast one-hybrid assays, the coding sequence of OsNAC2 was amplified using thermostable DNA polymerase from Thermococcus kodakarensis (KOD) polymerase (Toyobo) and was subcloned into the EcoRI and XhoI sites of pGADT7 vector. To generate OsSGRp::HIS3, OsI85p::HIS3, OsNYC3p::HIS3, OsNCED2p::HIS3, OsNCED3p::HIS3, OsNCED5p::HIS3, OsZEP1p::HIS3, OsABA8ox1p::HIS3, OsABA8ox2p::HIS3, and OsABA8ox3p::HIS3 reporter constructs, the promoter fragments were amplified by PCR and then cloned into pHIS2.1 vector through EcoRI-SpeI, EcoRI-SpeI, SacI-SpeI, EcoRI-MluI, EcoRI-MluI, MluI-SpeI, EcoRI-MluI, EcoRI-MluI, EcoRI-MluI, and EcoRI-MluI sites, respectively. All primers used for cloning these constructs are listed in Supplemental Table S1 . These vectors and empty vector were transformed into yeast strain AH109 by the PEG/LiAc method, and yeast cells were plated onto SD/-His/-Trp/-Leu + 30 mM 3-amino-1, 2,4-triazole medium for stringent screening of the possible interactions, according to the protocol of Matchmaker GAL4 One-Hybrid System (Clontech).
Dual-Luciferase Assay of Transiently Transformed Tobacco Leaves
To generate the construct of LUC reporter for the dual-luciferase assays, the coding sequence of OsNAC2 was cloned into pGreenII 62-SK vector. The promoter sequences of OsSGR and OsNYC3 were amplified from rice genome and inserted into pGreenII0800-LUC through KpnI-NcoI sites, respectively. Primers are listed in Supplemental Table S1 .
The Nicotiana benthamiana leaves were used for dual-luciferase assays as described previously (Hellens et al., 2005) . The effector constructs (p35S-OsNAC2 or p35S) and the above reporter constructs harboring the luciferase (LUC) gene were introduced into Agrobacterium tumefaciens strain GV3101, respectively. After cotransformation, the tobacco plants were placed under 23°C for 3 d. The firefly LUC and Renilla luciferase (REN) activities were measured using the Dual-Luciferase Reporter Assay System (Promega).The LUC activity was normalized to the REN activity.
ChIP
ChIP was performed based on a previous report (Gendrel and Colot, 2005) with OsNAC2-OX transgenic seedlings, in which a GFP coding sequence was fused in frame to the 39end of the OsNAC2 gene. About 4 g of 4-week-old OsNAC2-OX seedlings was treated and fixed with 1.0% formaldehyde for 10 min subsequently. Antibodies against mGFP (Santa Cruz Biotechnology) were used for immunoprecipitation. Protein-A-agarose beads were blocked with salmon sperm DNA and used to pull down the protein-DNA complex. The DNA fragments of the ChIP were used for qPCR. Primers were selected in the promoter regions of each selected gene. The ChIP experiments were repeated three times with the similar data. Primer pairs for qPCR were listed in Supplemental Table S1 .
Field Cultivation of Rice
The rice plants were grown in a standard paddy field at the Experimental Station of Fudan University in Taicang Jiangshu province. The field planting was with three replicates according to a randomized complete-block design; the spacing of the transplanted plants was 20 3 20 cm. The area per plot was designed as 4 m 2 . These plants were then grown under the conditions of conventional cultivation. For agronomic traits measurement, at least 10 plants randomly obtained from the center of the plot were used to avoid any irregularities at the margins of the plot.
Tilling Mutant and Verification
The tilling mutant of OsABA8ox1 and OsNCED3 bought from Liu Lab at Key Laboratory of Plant Molecular Physiology, CAS, was germinated and hydroponically cultivated as described previously (Chu and Lee, 1990) . These tilling mutants were planted in the paddy field at Fudan University. For mutant verification, 2-week-old leaf tissue of each mutant line was used for DNA extracting by Plant Genomic DNA Kit (Tiangen; code DP305). The primers, aba8ox1-F (59-CTAACTCCTCTTCCCACTCTGCTT-39), aba8ox1-R (59-ATTTCAGTTAAG-GAACCAGTCTGC-39), nced3-F (59-TCTCTCTCTCGGCAGAAACACACC-39), and nced3-R (59-CGGGTCGAGGAGGCCGCAGGCGGC-39), were provided by Liu Lab at Key Laboratory of Plant Molecular Physiology, CAS, for amplifying the fragments of OsABA8ox1 and OsNCED3. PCR was carried out using PrimerSTAR Max DNA Polymerase (TaKaRa code no. R045A) according to the manufacturer's instruction. The obtained fragments were sequenced by Sangon Biotech (Shanghai) Co. Additionally, leaves of the mutants collected from the heading stage were treated with 5 d of darkness to observe their phenotypes. Chlorophyll and ion leakage rates were also measured.
Accession Numbers
Sequence data from this article can be found in GenBank/EMBL databases under the following accession numbers: OsNAC2 (Os04g0460600), OsNAP (Os03g0327800), OsSGR (Os09g0532000), OsNYC3 (Os06g0354700), OsI85 (Os07g0529000), OsRCCR1 (Os10g0389300), OsPaO (Os03g0805900), OsNCED2 (Os12g0435200), OsNCED3 (Os03g0645900), OsNCED5 (Os12g0617400), OsABA8ox1 (Os02g0703600), OsABA8ox2 (Os08g0472800), OsABA8ox3 (Os09g0457100), OsZEP1 (Os04g0448900), OsActin (Os10g0510000), OsNOL (Os03g0654600), OsSWEET5 (Os05g0588500), OsTDC1 (Os08g0140300), and OsNAP (Os03g0327800).
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Supplemental Figure S1 . Natural senescence phenotype of OsNAC2 transgenic lines during grain-filling stage in field condition.
Supplemental Figure S2 . Histochemical staining of a transgenic line expressing pOsNAC2-GUS in 6-week-old wild-type leaf and seeds 1 to 10 d after germination.
Supplemental Figure S3 . Phylogenetic tree among NACs in Arabidopsis and rice.
